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Cold flow tests were conducted on a four nozzle (nozzles
tilted at a 15 degree angle) gas eductor system to evaluate
the system's performance utilizing a short slotted mixing
stack and two shrouds with diffuser rings. The stack
length-to-diameter ratio, (L/D) , was 1.0, and with the
shroud and diffuser rings extended the L/D to 1.5. The
difference in the two shrouds was the separation distance
between stack and shroud and between shroud and diffuser
rings. This separation distance resulted in exit diffuser
angles of 10.8 and 7.3 degrees. The nozzles were con-
structed with a ratio of total area of primary flow to
area of mixing stack of 2.5. Secondary and tertiary pump-
ing coefficients, mixing stack pressure distributions, and
exit velocity profiles were used to evaluate the shrouded
mixing stacks. The stack and shrouds were evaluated with
the stack slots closed and then with the slots open.
Secondary pumping was found to be independent of changes in
diffuser angle. Tertiary pumping decreased with the separa-
tion distance and only showed a slight increase when the
slots were opened. The 7.3 degree shroud had a lower ter-
tiary flow; however, in the regions of low flow at the exit
plane, the severity of the velocity fluctuations was much
reduced and hence better overall performance was achieved.
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A Area (in. )
c Sonic velocity (ft/sec)
C Coefficient of discharge
D Diameter (in.)
F Thermal expansion factor
a r
F r, Wall skin-friction force (lbf)rr
g Proportionality factor in Newton's
Second Law (g = 32.174 lbm- ft/lbf -sec 2 )
h Enthalpy (Btu/lbm)
k Ratio of specific heats
L Length (in.)
P Pressure (in. H^O)
P Atmospheric pressure (in. Hg)
a
P„ Velocity head (in. H 7 0)
PMS Static pressure along the length of the
mixing stack (in. H 2 0)
R Gas constant for air (R = 53.34 ft -Ibf/lbm-R)
s Entropy (Btu/lbm-R)
S Distance from primary nozzle exit plane to
mixing stack entrance plane (in.)
T Absolute temperature (R)
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u Internal energy (Btu/lbm)
U Velocity (£t/sec)
v Specific volume (ft /Ibm)
W Mass flow rate (lbm/sec)
Y Expansion factor
Dimensionless Groupings




K Kinetic energy correction factor
K Momentum correction factor at the mixing stack exit
m °
K Momentum correction factor at the primary nozzle
exit




PMS* Mixing stack pressure coefficient
Re Reynolds number
S/D Standoff; ratio of distance from primary nozzle
exit plane to entrance plane of the mixing stack
(S) to the diameter of the mixing stack (D)
T* Absolute temperature ratio of the secondary
flow to primary flow
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T* , TT* Absolute temperature ratio of the tertiary-
flow to primary flow




WT* Tertiary mass flow to primary mass flow rate ratio
Induced flow density to primary flow density ratio*
Greek Letter Symbols
2
y Absolute viscosity (lbf-sec/ft )
p Density (Ibm/ff5 )
9 Primary nozzle tilt angle
<$> Primary nozzle rotation angle
$ Nozzle base plate rotation angle
3 Ratio of ASME long radius metering nozzle
throat diameter to inlet diameter
Subscripts
Section within secondary air plenum
1 Section at primary nozzle exit
2 Section at mixing stack exit
f Film or wall cooling










Mixing stack inside wall
Computer Tabulated Data




POR Static pressure at the orifice (in. H~0)




PTER Static pressure in the tertiary air plenum
(in. H
? 0)
PUPT Static pressure in the uptake (in. H-,0)
TAMB Ambient air temperature (°F)
TOR Air temperature at the orifice (°F)
TUPT Temperature of air in the uptake (°F)
UM Average velocity in the mixing stack (ft/sec)
UP Primary flow velocity at primary nozzle
UUPT Primary flow velocity in uptake (ft/sec)
UPT MACH Uptake Mach number
UE Average velocity at the mixing stack exit
(ft/sec)
WM Mass flow rate from mixing stack (lbm/sec)
WP Mass flow from primary nozzles (lbm/sec)
WS Secondary mass flow rate (lbm/sec)
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As the gas turbine engine becomes more and more a part
of today's Navy inventory, special consideration must be
given to their particular air breathing and exhausting
characteristics. Gas turbines require air-fuel ratios of
four to five times that of conventional steam plants of
comparable size and as a result large quantities of hot
exhaust gas is generated. Along with the increase volume
of exhaust gas come increased temperatures , often twice as
high as conventional plants. The hot rising exhaust plume
contributes to thermal damage to electronic equipment
located on the ship's mast; hot gas corrosion of the mast
and other superstructures located in the gas wake create
other problems. External to the ship, the hot gases rep-
resent problems to incoming helicopters and also become
an infrared signature from both the gas and the hot ex-
ternal surfaces of the stack.
Operating conditions of the gas turbine determine the
volume and temperature of the exhaust gases, therefore some
method needs to be employed to counter the problems asso-
ciated with the exhaust. Initial designs of waste heat
boilers to reduce exhaust gas temperatures faultered due
to leakage problems, but the idea remains as an economic
thermal recovery system. Another energy recovery system
17

under testing, RACER (RAnkine Cycle Energy Recovery), rep-
resents a promising future to utilize the exhaust gas to
an effective means.
A simple, effective system to reduce the exhaust gas
temperature is the gas eductor. This system has no moving
parts, no external system connections and can produce the
desired effects. A properly dimensioned eductor system will
induce sufficient secondary flow that will, through turbulent
mixing, reduce overall exhaust temperature. Another impor-
tant feature is the resultant negative pressures along the
mixing stack which can be utilized to induce a tertiary
cooling flow to provide additional mixing thru stack ports
or provide film cooling over the outer stack area or both.
When a shroud is used the tertiary air provides film cooling
of the shroud and subsequently lower external temperatures.
This thesis is a further extension of research conducted
by Ellin [Ref. 1], Moss [Ref. 2], Lemke and Staehli [Ref. 3],
Shaw [Ref. 4], Ryan [Ref. 5], and Davis [Ref. 8] on the cold
flow eductor model testing facility. The initial construc-
tion of the eductor model testing facility consisting of an
uptake, centrifugal compressor, primary flow nozzles, mixing
stack, and a means to control and measure the primary and
secondary air flows was conducted by Ellin [Ref. 1].
Figures 1 and 2 show the general layout and terminology
utilized in the model. The primary air flow in the testing
facility represents a gas turbine's hot exhaust gas. The
18

secondary air flow is ambient air induced into the entrance
of the mixing stack by the primary air flow; see Figure 4.
Ellin showed that the one dimensional analysis provided
good correlation of data for Mach numbers from 50 to 145
percent of the design Mach number 0.062.
Moss, after initially verifying the one dimensional
analysis, as did Ellin, investigated the effects of standoff
distances (that distance between the exit plane of the pri-
mary flow nozzles and the entrance plane of the mixing stack)
The standoff distance in non-dimensional form is divided by
the mixing stack diameter to give the S/D ratio. Moss's
research resulted in an S/D ratio of 0.5, which maximized
eductor pumping. He also determined that using a conical
transition at the mixing stack entrance slightly degraded
overall performance.
Lemke and Staehli's research included various mixing
stack geometric configurations and different area ratio's
of primary nozzles. The area ratio for nozzles is defined
as the cross sectional area of the mixing stack divided by
the total cross sectional area of the primary nozzles.
Their results showed that decreasing this ratio from 3.0
to 2.5 decreased back pressure, but also decreased the
eductor pumping coefficient. Mixing stack configurations
investigated included a solid exit diffuser, a two ring
diffuser, a three ring diffuser, a ported mixing stack,
and a shroud for the mixing stack. Their two mixing stack
19

length to diameter ratios were 2.5 and 3.0. They showed
with these various geometries that pumping coefficient can
be improved without sacrificing back pressure and that suf-
ficient tertiary air flow can be produced to provide film
cooling (shroud and diffuser ring geometry) and added mixing
air (ported stack)
.
Davis investigated the effects of tilting and rotating
the primary nozzles on the eductor pumping capacity and
stack mixing. He tested a wide range of tilt and rotation
combinations with the optimum combination being a 15 degree
tilt angle and a 20 degree rotation angle. The nozzle area
ratio was maintained at 2.5 and the standoff ratio (S/D) at
0.5. Davis also continued to shorten the mixing stack
length by testing straight mixing stacks with L/D ratio's
of 1.75, 1.5 and 1.25.
The object of this thesis is directed toward further
reducing the length of the mixing stack while utilizing the
principles tested by Lemke and Staehli of shrouding and
using diffuser rings. The shorter mixing stack had an L/D
ratio of 1.0, but when combined with the shroud and diffuser
rings an L/D ratio of 1.5 resulted. The stack and shroud
are dimensionally shown in Figures 5, 10 and 11. The stack
was slotted in a repeating pattern unlike the ported stack
of Lemke and Staehli. Two shrouds with diffuser rings were
tested to compare their effects on pumping coefficient, both
20

secondary and tertiary. The primary nozzles were maintained
at a 15 degree tilt angle and a 20 degree rotation angle, a
result from Davis' research. The standoff ratio (S/D) of
0.5 was also maintained.
21

II. THEORY AND ANALYSIS
This thesis is a further extension of the work conducted
by Ellin, Moss, Lemke and Staehli, Shaw, Ryan, and Davis [Refs.
1,2,5,4,5,8] and uses the same one-dimensional analysis of a
simple eductor system. Similarity between the basic geome-
tries tested by previous researchers was maintained to cor-
relate data and preserve the error analysis conducted by Ellin.
The dimens ionless parameters controlling the flow phenomena
used previously were also used in the present research along
with the basic means of data analysis and presentation.
Dynamic similarity was maintained by using Mach number simi-
larity to establish the gas eductor model's primary flow rate.
Although the analysis presented here is for an eductor
model with only primary and secondary air flows, the basic
discussion applies as well to systems with primary, second-
ary, and tertiary flows. Systems with tertiary and film or
wall cooling air flows have been non-dimensionalized with
the same base parameters as the secondary air flow and have
been calculated using the same non-dimensional analysis.
This allows easier comparison or tabulated and graphic
results. Parameters pertaining to the secondary systems
are subscripted with an "s" and those relating to the ter-




Dynamic similarity between the models tested and an actual
prototype was maintained by using the same primary air flow
Mach number. For the primary air flow Mach number used
(0.062), and based on the average flow properties within the
mixing stack and the hydraulic diameter of the mixing stack,
the air flow through the eductor system is turbulent (Re > 10 )
.
As a consequence of this, momentum exchange is predominant over
shear interaction, and the kinetic and internal energy terms
are more influential on the flow than are viscous forces. It
can also be shown that the Mach number represents the ratio
of kinetic energy of a flow to its internal energy and is,
therefore, a more significant parameter than the Reynolds
number in describing the primary flow through the uptakes.
B. ONE -DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR
The theoretical analysis of an eductor may be approached
in two ways. One method attempts to analyze the details of
the mixing process of the primary and secondary air streams
as it takes place inside the mixing stack. This requires an
interpretation of the mixing phenomenon which, when applied
to a multiple nozzle system, becomes extremely complex. The
other method, which was chosen here, analyzes the overall
performance of the eductor system and is not concerned with
the actual mixing process. To avoid repetition with pre-
vious reports, only the main parameters and assumptions
25

will be represented here. A complete derivation of analysis
used can be found in References [1] and [10], The one-
dimensional flow analysis of the simple eductor system
described depends on the simultaneous solution of the con-
tinuity, momentum and energy equations coupled with the
equation of state, all compatible with specific boundary
conditions
.
The idealizations made for simplifying the analysis are
as follows:
1. The flow is steady state and incompressible.
2. Adiabatic flow exists throughout the eductor with
isentropic flow of the secondary stream from the
plenum (at section 0) to the throat or entrance of
the mixing stack (at section 1) and irreversible
adiabatic mixing of the primary and secondary streams
occurs in the mixing stack (between sections 1 and 2)
3. The static pressure across the flow at the entrance
and exit planes of the mixing-tube (at sections 1
and 2) is uniform.
4. At the mixing-stack entrance (section 1) the primary
flow velocity U and temperature T are uniform
P P
across the primary stream, and the secondary flow
velocity U and temperature T are uniform across








5. Incomplete mixing of the primary and secondary streams
in the mixing stack is accounted for by the use of a
non-dimensional momentum correction factor K which
m
relates the actual momentum rate to the pseudo-rate
based on the bulk-average velocity and density and
by the use of a non-dimensional kinetic energy cor-
rection factor K which relates the actual kinetic
energy rate to the pseudo-rate based on the bulk-
average velocity and density.
6. Both gas flows behave as perfect gases.
7. Flow potential energy position changes are negligible.
8. Pressure changes P n to P , and P-, to P are small° sU si 1 a
relative to the static pressure so that the gas den-
sity is essentially dependent upon temperature (and
atmospheric pressure)
.
9. Wall friction in the mixing stack is accounted for
with the conventional pipe friction factor term
based on the bulk-average flow velocity U and the°
' m
mixing stack wall area Aw .
The following parameters, defined here for clarity, will
be used in the following development.
A
P area ratio of primary flow area to mixing stack





area ratio of wall friction area to mixing stack
A cross sectional area
m
k momentum correction factor for primary mixing
km momentum correction factor for mixed flowm
f wall friction fractor
Based on the continuity equation, the conservation of
mass principle for steady flow yields
W=W+W+tv (1)m p s t K J
where
W = p U A
P P P P
W = P U A










W = p U A
m m m m
All of the above velocity and density terms, with the
exception of p and U , are defined without ambiguity by
the virtue of idealizations (3) and (4) above. Combining
equations (1) and (la) above, the bulk average velocity at
the exit plane of the mixing stack becomes














where T is calculated as the bulk average temperature from
the energy equation (9) below. The momentum equation stems
from Newton's second and third laws of motion and is the con-
ventional force and momentum- rate balance in fluid mechanics
W U W U W.IL. W U_
Note the introduction of idealizations (3) and (5) . To account
for a possible non-uniform velocity profiles across the primary
nozzle exit, the momentum correction factor K is introduced
here. It is defined in a manner similar to that of K and by
m J
idealization (4), supported by work conducted by Moss, it is
set equal to unity. K is carried through this analysis only
to illustrate its effect on the final result. The momentum
correction factor for the mixing stack exit is defined by
the relation
K




where U is evaluated as the bulk-average velocity from equa
tion (lb) . The wall skin friction force F r can be related* rr
to the flow stream velocity by
-g5 C
using idealization (9) . As a reasonably good approximation
for turbulent flow, the friction factor may be calculated
from the Reynolds number
f = 0.046 (Re )"°' 2 (6)m v J
Applying the conservation of energy principle to the steady
















neglecting potential energy of position changes (idealization
7) . Note the introduction of the kinetic energy correction
factor K , which is defined by the relation
e W U L
m m
It may be demonstrated that for the purpose of evaluating
the mixed mean flow temperature T , the kinetic energy terms
may be neglected to yield
w w w




where T,,, = tftCh^] only, with the idealization (6).
m Y ^ m y J ' v *
The energy equation for the isentropic flow of the
secondary air from the plenum to the entrance of the mixing
stack may be shown to reduce to














The previous equations may be combined to yield the vacuum
produced by the eductor action in either the secondary or ter-
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" JL~ CK + £ J*)) (11)
a os gA P Ap Ap 2 A A p m 2 A
JJ
&c m pKp s
K
s s nrm m
where it is understood that A and p apply to the primary
flow at the entrance to the mixing stack, A and p apply to
the secondary flow at this same section, and A and p apply
to the mixed flow at the exit of the mixing stack system.
P is atmospheric pressure, and is equal to the pressure at
a
the exit of the the mixing stack. A is the area of the° w
inside wall of the mixing stack.
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C. NON-DIMENSIONAL FORM OF THE SIMPLE EDUCTOR EQUATION
In order to provide the criteria of similarity of flows
with geometric similarity, the non-dimensional parameters
which govern the flow must be determined. The means chosen
for determining these parameters was to normalize equations
(11) and (11a) with the following dimens ionless groupings.
P - P
a os a pressure coefficient which
p* = P compares the pumped head
3
—
P - P^ e for the secondary
it z a o s





















a pressure coefficient which
compares the pumped head
t P - P for the tertiary
U 2
p flow to the driving head
2 g r u
2
C D
—*-— of the primary flow
2 <j&
c
a flow rate ratio, secondary
to primary mass flow rate
a flow rate ratio, tertiary to
primary mass flow rate




T an absolute temperature ratio,
TT* = — tertiary to primary
T
P
p a flow density ratio of the sec
P* = -— ondary to primary flows. (Note
s p
p that since the fluids are con-
sidered perfect gases,




p. a flow density ratio of the ter-
p * = — tiary or film cooling flow to
p
p primary flows. (Note that since
the fluids are considered per-
fect gases
,
T iP* _ P _








an area ratio of secondary flow
A.
A* = — area to primary flow area
P
A. an area ratio of tertiary flow
A* = — area to nrimarv flow area
a
p
With these non-dimensional groupings, equations (11) and (11a)
can be rewritten in dimens ionless form. Since both equations
follow the same format, only the results for the secondary





















This may be rewritten as














r = 2 -2 (JL -
A
m





As can be seen from equation (13)
,




The additional dimens ionless quantities listed below
were used to correlate the static pressure distribution down
the length of the mixing stack.
PMS
p a pressure coefficient which com-




2g the secondary flow to the driving
2head U of the primary flow,
2g6 c
where PMS = static pressure
along the mixing stack length
X ratio of the axial distance from
the mixing stack entrance to the
diameter of the mixing stack.D
D. EXPERIMENTAL CORRELATION
For the geometries and flow rates investigated, it was
confirmed by Ellin and Moss [Ref. 1,2] that a satisfactory
correlation of the variables P*, T*, and W* takes the form
— = £(W*T*n ) (1)
where the exponent 'n' was determined to be equal to 0.44.
The details of the determination of n = 0.44 as the correla-
ting exponent for the geometric parameters of the gas eductor
model being tested is given in Reference [1]. To obtain a
gas eductor model's pumping characteristic curve, the experi-




that is, P*/T* is plotted as a function of w*T* 0,44 . This
correlation is used to predict the open-to-the-environment
operating point for the gas eductor model. Variations in
the model's geometry will change the pumping ability, which
can be evaluated by the plot of equation (1) . For ease of
discussion, >V*T* " will be referred to as the pumping
coefficient in this report. Similarly, WT**TT* 0,44 will be






The gas eductor system in this report made use of a single
primary flow uptake, a cluster of four primary nozzles (tilted
at 15 degrees) within a rotatable base plate, a straight un-
shrouded stack and subsequently a short slotted stack with
two different shrouds.
A. MIXING STACK CONFIGURATIONS AND SHROUDS
The main body of this research was to study the effects
of a short mixing stack with a shroud and diffuser rings.
Initial investigations utilized the short mixing stack used
by Davis [Ref. 8]. This stack, the last tested by Davis, had
an L/D ratio of 1.25 and was chosen to develop baseline data
and to test off -design characteristics of the model.
The mixing stack used along with the shroud and diffuser
rings was manufactured from nominally 12 inch O.D. and 11.7
inch I.D. PVC agriculture water irrigation pipe. This stack
was the shortest of any of the previously tested stacks:
it's L/D ratio was 1.0. The stack was slotted with rec-
tangular shaped slots which repeated every forty-five degrees
as seen in Figures 6 and 12. Exact stack dimensions are
given in Figure 5. Two shrouds were tested to evaluate
film cooling much like the type evaluated by Lemke and
Staehli [Ref. 3]. Unlike Lemke and Staehli shroud, the
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diffuser rings were attached to the shroud and not the stack.
The first shroud-diffuser ring combination was manufactured
from 1/16 inch aluminum, cut and rolled to the desired diameters
Spacing between the shroud and stack, and between diffuser
rings and shroud was selected to be 1/4 inch. The shroud was
designed so that when attached to the stack the overall L/D
ratio would be 1.5. Combining the 1/4 inch spacing with the
extended length gave an effective diffuser angle of 10.8
degrees . A detailed drawing and photographs can be seen
in Figures 10 and 12 respectively. The shroud and diffuser
rings had a split along one side to allow easy removal of
the shroud without removing the pressure tap tubes.
Pressure taps were installed at 0.25 X/D increments
(2.93 inch spacing) to provide more data points for evaluat-
ing the stack pressure distribution. Previous stacks used
small square pads to support the pressure tap fittings, but
these pads would interfere with flow under the shroud or
in the case of the second shroud they would prevent flow in
that region. Small tubing (one-sixteenth of an inch I.D.)
was force fitted into the stack presenting very little
resistance to the flow under the shroud.
The second shroud design was similar to the first, but
the spacing between stack and shroud and between each of the
diffuser rings was reduced to 1/8 inch. The details of this
shroud are shown in Figure 11. With the reduction of spacing
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the effective diffuser angle was reduced to 7.3 degrees. The
diffuser angle is measured from the inside diameter edge of
the stack to the inside edge of the outer diffuser ring as
seen in both shroud drawings.
B. ANGLED PRIMARY NOZZLE AND BASE PLATE CONFIGURATION
AND GEOMETRIES
The angled nozzle concept was tested by Davis [Ref. 8]
and from his data the 15 degree tilt angle and the 20 degree
rotation angle were chosen as the optimum nozzle configuration
for this research. The nozzles have a constant cross section
while having the ability to be inclined and rotated about
their centerline axis. The nozzle tilt angle, 9, is the
cant angle measured from the centerline of the straight
nozzle to the centerline of the angle nozzle. Nozzle rotation,
,
is a measure of the angle through which the nozzle is rotated
inward toward the mixing stack centerline from a perpendicular
to a radial line from the base plate center to the center of
the nozzle. Figures 13 and 14 may provide a clearer visual-
ization of the nozzle configuration. The nozzles were manu-
factured from clear, cast acrylic pipe with nominal 4.0 inch
O.D. and 3.625 inch I.D. which was machined to 3.7 inch I.D.
for a nozzle area ratio of 2.5 for the four nozzle group.
The angled nozzles were dimensioned so that the intersection
of their centerline and exit plane corresponded with the
length of the straight nozzles to establish a common measure-
ment for the standoff distance. This allowed alignment of
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the nozzles and mixing stack and setting the S/D ratio with
the straight nozzles and not having to completely realign the
system when the angled nozzles are inserted. Similar materials
were used in the construction of the nozzles and base plate
so that with the use of tight tolerances and friction the
nozzles were held in place even when the base plate was
rotated. The angled nozzles and base plate are shown in
Figures 15 and 16.
The nozzle base plate was constructed from acrylic plexi-
glass flat stock. Four recess holes were machined to accept
the nozzles, and they were in turn machined to a 0.5 inch
radius on the underside to present a smooth flow entrance
region for the nozzles. The outer edge of the base plate
was machined so that the whole base plate fit inside a match-
ing aluminum base ring. The construction was such that the
base plate could be rotated within the ring, primary flow
pressure kept the two concentric surfaces mated which elim-
inated seals, and the base plate could not be ejected from
the uptake by the considerable dynamic pressures associated
with the high velocity primary air flow. Four symetrically
located locking cams allowed the base plate and installed
nozzles to be locked in place. This was required for align-
ment procedures and prevent rotation during initial start-up.
Once the system was warmed up to operating conditions, the
difference between thermal expansion factors for the ring
and base plate allowed sufficient expansion to make the use
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of the locking cams unnecessary. In fact, rotation of the
base plate could be difficult when the system was fully warmed
up, and a dry teflon lubricant was used to help overcome this
problem
.
A third new parameter was needed for the base plate's
ability to be rotated. The base plate rotation angle, ty ,
is hereby defined as the angle of base plate rotation measured
from the 90 degree point on the uptake transition piece as
depicted in Figure 15. This parameter serves to give a
general indication of the flow directions within the mixing
stack due to the angled nozzles. The base plate's geometry
and dimensions are given in Figure 16, and a photograph can




Air is supplied to the primary nozzles by means of a
centrifugal compressor and associated ducting schematically
illustrated in Figure 1. The mixing stack configuration being
tested is placed inside an air plenum containing an airtight
partition so that two separate air flows, secondary and ter-
tiary, may be measured. The air plenum facilitates the
accurate measurement of secondary and tertiary air flows by
using ASME long radius flow nozzles.
A. PRIMARY AIR SYSTEM
The circled numbers found in this section refer to circled
locations on Figure 1. The primary air ducting is constructed
of 16-gage steel with 0.635 cm (0.25 in) thick steel flanges.
The ducting sections were assembled using 0.635 cm (0.25 in)
bolts with air drying silicone rubber seals between the
flanges of adjacent sections. Entrance to the inlet ducting
(lj is from the exterior of the building through a 91.44 cm
(3.0 ft) square to a 30.48 cm (1.0 ft) square reducer, each
side of which has the curvature of a quarter ellipse. A
transition section ( 2j then changes the 30.48 cm (1.0 ft)
square section to a 35.31 cm (13.90 in) diameter circular
section ( ZJ . This circular section runs approximately
9.14 m (30 ft) to the centrifugal compressor inlet.
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A standard ASME square edged orifice ( 4 J is located 15
diameters downstream of the entrance reducer and 11 diameters
upstream of the centrifugal compressor inlet, thus insuring
stability of flow at both the orifice and compressor inlet.
Piezometer rings ($) are located one diameter upstream and
one-half diameter downstream of the orifice. The duct section
also contains a thermocouple just downstream of the orifice.
Primary flow is measured by means of the standard ASME square
edged orifice designed to the specifications given in the
ASME power test code [Ref. 9]. The 17.55 cm (6.902 in) dia-
meter orifice used was constructed out of 304 stainless steel
0.635 cm (0.25 in) thick. The inside diameter of the duct
at the orifice is 35.31 cm (13.90 in) which yields a beta
( 3 = d/D) of 0.497. The orifice diameter was chosen to give
the best performance in regard to pressure drop and pressure
loss across the orifice for the primary air flow rate used
(1.71 Kg/sec (3.77 lbm/sec)).
The centrifugal compressor (?) used to provide primary
air to the system is a Spencer Turbo Compressor, catalogue
number 25100-H, rated at 6000 cfm at 2.5 psi back pressure.
The compressor is driven by a three phase, 440 volt, 100
horsepower motor.
A manually operated sliding plate variable orifice (O
was designed to constrict the flow symmetrically and facilitate
fine control of the primary air flow. During operation, the
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butterfly valve (O , located at the compressor's discharge,
provided adequate regulation of primary air flow, eliminating
the necessity of using the sliding plate valve. The sliding
plate valve was positioned in the wide-open position for all
data runs
.
On the compressor discharge side, immediately downstream
of the butterfly valve, is a round to square transition (9 J
followed by a 90 degree elbow \}®J and a straight section
duct (ll) • All ducting to this point is considered part
of the fixed primary air supply system. A transition section
(12) is fitted to this last square section which reduces
the duct cross section to a circular section 29.72 cm (11.17 in)
in diameter. This circular ducting tapers down to a diameter
of 26.30 cm (11.5 in) to provide the primary air inlet to the
eductor system being tested. The transition is located far
enough upstream of the model to insure that the flow reaching
the model is fully developed.
B. SECONDARY AIR PLENUM
The secondary air plenum, shown in Figures 1, 2, and 3,
is constructed of 1.905 cm (0.75 in) plywood and measures
1.22 m by 1.22 m by 1.88 m (4. ft by 4 ft by 6.17 ft). It
serves as an enclosure that can contain all or only part of
the eductor model and still allow the exit plane of the mixing
stack to protrude. The purpose of the secondary air plenum is
to serve as a boundary through which secondary air for the

eductor system must flow. Long radius ASME flow nozzles,
designed in accordance with ASME power test codes [Ref. 9]
and constructed of fiberglass, penetrate the secondary air
plenum, thereby providing the sole means for metering the
secondary air reaching the eductor as shown in Figures 1
through 4. Appendix D of reference [1] outlines the design
and construction of the secondary air flow nozzles. By meas-
uring the temperature of the air entering and the pressure
differential across the ASME flow nozzles, the mass flow rate
of secondary air can be determined. Flexibility is provided
in measurement of the mass flow rate of secondary air by
employing flow nozzles with three different throat diameters:
20.32 cm (8 in), 10.16 cm (4. in), and 5.08 cm (2 in). By
using a combination of flow nozzles, a wide variety of second-
ary cross sectional areas can be obtained.
A secondary air flow straightener , shown in Figures 1
and 2, consisting of a double screen is installed 1.22 m
(4 ft) from the open end of the secondary air plenum, between
the ASME long radius nozzles and the primary air flow nozzles.
The purpose of the straightener is to reduce any swirl effect
that could result when only a small secondary air flow area
exists
.
C. TERTIARY AIR PLENUM
The tertiary air plenum, shown in Figures 1, 2, 8 and 9,
is constructed of 1.90 cm (0.75 in) plywood and measure 1.22 m
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by 1.22 m by 1.22 m (4 ft by 4 ft by 4 ft). It serves as an
enclosure that completely surrounds the mixing stack and allows
the exit and entrance regions to protrude. An airtight rubber
diaphragm type seal, schematically illustrated in Figure 2, is
located at the entrance to the tertiary plenum (seal between
secondary and tertiary plenums) . At the tertiary exit the
seal slides over the outer diffuser ring with less than an
1/8 inch clearance. A bead of silicone rubber is then used
to make the final seal. The seal area expands immediately
from the outer diffuser ring diameter to a 30. inch diameter
so that the seal does not influence the stack's performance.
The seals allow measurement of tertiary air flow independent
of the secondary flow. Tertiary air flow is measured with
the ASME flow nozzles designed in accordance with ASME [Ref.
9] and constructed of fiberglass. These nozzles are located
so that they penetrate the airtight tertiary air plenum,
thereby providing the sole means for metering the tertiary
air reaching the eductor. By measuring the temperature of
the air entering and the pressure differential across the
ASME flow nozzles, the mass flow rate of the tertiary air
can easily be obtained. Flexibility in measuring the ter-
tiary flow is provided by employing different size flow
nozzles: two of 20.32 cm (8 in) throat diameter, three of
10.16 cm (4 in) throat diameter, and two of 5.08 cm (2 in)
throat diameter. By using various combinations of these flow
nozzles, a wide variety of tertiary cross section flow areas
can be obtained.

The interior of the tertiary air plenum is pictured in
Figures 8 and 9. The stands which holds the mixing stack can
be seen mounted inside the plenum.
D. INSTRUMENTATION
Pressure taps for measuring gage pressures are located
inside the primary air uptakes just prior to the primary
nozzles, inside the secondary air plenum, inside the tertiary
air plenum, and at various points on the model. A variety of
manometers, pictured in Figure 18, were used to indicate the
pressure differentials. A schematic representation of the
pressure measuring instrumentation is illustrated in Figures
17 and 19. Monitoring of each of the various pressures was
facilitated by the use of a scanivalve and a multiple valve
manifold. The scanivalve was used to select the pressure
tap to be read, while the multiple valve manifold allowed
selection of the optimum manometer for the pressure being
recorded. A vent was included in the multiple valve manifold
which provided a means of venting the manometers between
pressure readings. The valve manifold provided a selection
of a 15.24 cm (6.0 in) inclined water manometer, and a 5.08 cm
(2.0 in) inclined water manometer. In addition, the following
dedicated manometers were used in the system: a 50.80 cm
(20 in) single column water manometer connected to the
primary air flow just prior to the primary nozzles, a 1.27 m
(50 in) U-tube water manometer with each leg connected to the
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piezometric ring on either side of the orifice plate in the
air inlet duct, and a 2.55 cm (1.0 in) inclined water mano-
meter connected to the upstream piezometric ring.
Primary air temperatures, measured at the orifice outlet
and just prior to the primary nozzles, are measured with
copper-constantan thermocouples. The thermocouples are in
assemblies manufactured by Honeywell under the trade name
Megapak. Polyvinyl covered 20 gage copper-constantan exten-
sion wire is used to connect the thermocouples to an Omega
Digital Thermometer, Model Number 2176A, which provided
temperatures in degrees Fahrenheit or Centigrade. A copper-
constantan thermocouple was used to measure secondary/tertiary
ambient air temperature. A mercury in glass thermometer was
used for comparison purposes.
Velocity profiles at the mixing stack exit plane are
obtained by using a pitot tube mounted on a slide bar which
is scribed in one-tenth intervals for accuracy and ease of
measurement. The slide bar could be mounted to read along
the horizontal or diagonal (45 degrees from the horizontal
in the counterclockwise direction facing upstream) . The
pitot tube is fastened to the slide bar with two clamp blocks
and can be adjusted to bring the pitot opening flush with the
end of the stack. In conjunction with the pitot tube, a 50.80 cm
(20 in) single column water manometer or a 6.0 inch inclined




Threaded studs were used to aide in positioning the traverse
(slide) bar in the desired position. The traverse bar and
pitot tube assembly was secured to a wood stand with the use
of four nuts. The test stand clamps tightly to the exit end
of the tertiary plenum. This assembly can be seen in Figure 8
E. ALIGNMENT
The alignment of the mixing stack with the primary flow
nozzles is accomplished by using two round alignment plugs,
a nozzle alignment plate, and a 0.75 inch O.D. steel alignment
bar. The two circular alignment plugs are inserted into
opposite ends of the mixing stack, and the nozzle alignment
plate is then carefully inserted over the straight nozzles.
The steel alignment bar is then inserted through the center-
line holes in the alignment plugs and brought up to the
centerline hole in the nozzle alignment plate. The three
axis mounting stand, pictured in Figure 8, is adjusted
until the alignment bar can be fully inserted into the





Evaluation of the eductor model requires the experimental
determination of pressure differentials across the ASME long
radius flow nozzles, temperatures of primary and induced air
flows, internal mixing stack pressure distributions, and
mixing stack exit velocity profiles from pitot tube pressure
readings. In addition, base plate rotation angles are used
to get a general understanding of the flow patterns within
the mixing stack. These experimentally determined quantities
are then reduced with the aid of a computer to obtain pumping
coefficients, induced air flow rates, pressure distributions
and flow distributions in the mixing stack, and mixing stack
velocity profiles at the exit plane of the mixing stack. The
plots help to determine the model's relative effectiveness and
problem areas which may not be apparent when reviewing raw
and processed data.
The following sections address the individual performance
criteria used to evaluate the eductor. Circled numbers refer
to regions located on the representative plots used in the
evaluation process.
A. PUMPING COEFFICIENT
The secondary pumping coefficient and the tertiary pumping
coefficient provide a basis for analyzing the eductor 's pumping
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capability. Changes in stack geometries such as L/D ratio's,
slotting, shrouding, diffuser rings, and spacing between stack
and shroud and between shroud and diffuser rings will alter
the eductor's pumping performance and the pumping coefficient.
The pumping coefficients for the model should correspond to
the coefficients for the shipboard eductor system. At the
operating point, the eductor is exposed to no restrictions
in the secondary or tertiary air flows. In the model, this
is simulated by completely opening the air plenums to the
environment. Unfortunately, at this condition, the secondary
and/or tertiary air flow rates cannot be measured. The educ-
tor model's characteristics must then be established by extra-
polating the measured pumping coefficients to the desired
operating point.
The data for this extrapolation is established by varying
the associated induced air flow rate, either secondary or
tertiary, from zero to its maximum measurable rate. These
rates are determined by sequentially opening the ASME flow
nozzles mounted in the appropriate plenum and recording the
pressure drop across the nozzles. Values for nozzle cross
sectional areas, pressure drops, induced flow air tempera-
tures
,
and barometric pressures are then used to calculate
the dimensionless parameters P*/T*, !V*T*0.44, PT*/TT*, and
WT*TT*0.44. The dimensionless parameters are then plotted
as illustrated in Figure 21. The data point fl J corresponds
to closing all ASME flow nozzles. Data points in region (2
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corresponds to opening most of the ASME flow nozzles and the
final point corresponds to opening all flow nozzles, plenum
doors, or other plenum penetrations available. Early data
runs attempted to gain more accuracy in this region by taking
more data. Unfortunately, the pressure drop across the
nozzles is so critical in this region that any error or
fluctuations causes considerable data scatter. Such points
were deleted from the finished plots contained in this thesis.
In theory, there should be no pressure inside the plenum at
the operating point except for ambient pressure, if no restric-
tions to flow existed. In reality there is always some small
negative pressure present since the plenum walls are not
totally removed. The data points in region (3 J provide the
most consistent and accurate data. Extrapolation of the pump-
ing characteristics curve to intersect the zero p*/T* or PT*/TT*
abscissa locates the appropriate operating point for the eductor
model configuration.
3. INDUCED AIR FLO'.VS
Secondary and tertiary air flows are induced flows . The
secondary air flow is the amount of air induced by the primary
nozzles which is mixed within the mixing stack with primary air
to reduce the exhaust gas temperature. Tertiary or film cool-
ing air flow is the amount of air induced by the low pressure
areas along the mixing stack. The induced air flows between
stack and shroud and between shroud and diffuser rings to
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maintain a cool outer surface area and eventually mixes with
stack air to further cool exhaust gas temperature. When stack
slots are open some of the film cooling air enters the stack
through the slots to mix with exhaust gases earlier in the
mixing stack.
C. PRESSURE DISTRIBUTION IN THE MIXING STACK
The axial pressure distribution in the mixing stack is
obtained by taking static pressure readings from pressure taps
attached to the stack in two rows. In the cold flow test
facility, the mixing stack is located horizontally in the
tertiary plenum. The first row is located on the top of the
mixing stack, and the second row is offset 45 degrees from
the first row as shown in Figures 6 and 7. The pressure taps
were located 0.25 mixing stack diameters apart. Actual loca-
tions are given in Figure 6. The dimensionless mixing stack
pressure term, PMS*, as derived in Section II is calculated
from static pressure data. PMS* is plotted versus X/D pres-
sure tap locations to obtain the mixing stack pressure dis-
tribution. A sample distribution is shown in Figure 22.
Region (1
J
is located at the entrance of the mixing stack,
and it has the highest negative pressure readings. Pressures
near region f^J , located toward the end of the mixing
stack (X/D=0.75), although they show a lesser potential for
inducing tertiary air compared with region (l ) , it still
represents a significant pumping capability. The mixing
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stack ends at X/D=1.00, where the shroud and diffuser rings
continue to X/D=1.50, but no pressure taps were located in
the shroud or diffuser rings and therefore, no pressure dis-
tribution data for this region is available.
D. MIXING STACK ROTATION ANGLE
The straight nozzles produce a symmetric flow consisting
of four peaks and four null pressure areas along the axis of
the mixing stack. Pressure taps at position 'A' normally
could be used to record the peaks while the position 'B' taps
could be used to record the lower pressure regions or nulls.
With introduction of the angled nozzles, the flow became
swirled. A rotatable base plate was used to scan the entire
circumference of the mixing stack at each L/D position and
thereby obtain a better record of the varying axial pressure
distribution. This allowed the peaks and troughs to be ro-
tated to the stationary pressure taps for data acquisition.
The base plate rotation angle, \p , is recorded for each
pressure tap position, and when plotted, provides a rough
indication of the flow pattern variations.
Tests were conducted early in Davis' research to deter-
mine the sensitivity of the rotation angles. Results showed
that changes as small as one degree of rotation could cause
large pressure changes while at other times the base plate




The velocity traverses are generated by traversing the
pitot tube in measured increments across the horizontal and
diagonal lines as indicated in Figure 7. Stagnation pressure
readings are read from the 20 inch vertical manometer or the
6 inch inclined manometer and combined with atmospheric pres-
sure and ambient temperature to calculate mixing stack exit
velocities in units of feet per second. Computer generated
two-dimensional plots of the velocity traverses can then be
used to get indications of mixing, wall effects, and primary
flow core information.
The sample horizontal velocity profile shown in Figure
23 shows two, essentially primary flow peaks at regions f 2
J
and fO . Regions fl ) and (5) are essentially secondary
induced flows and show some wall effects. Region I 3 ) should
be symmetrically located at the center of the stack, however
misalignment of the base plate, non-symmetric nozzle place-
ment, and unequal pumping by the four primary nozzles are a
few of the things that could cause the center trough to appear
displaced. Region (O should have data points which overlap
data points on the diagonal velocity plot.
The sample diagonal velocity profile shown in Figure 24
shows noticeable peaks and troughs. The peaks at regions
f 1 j and f 7 J are the primary nozzle flows which have not
been rotated inward enough to get better mixing. The peaks
at (3j and (s) correspond to peaks (2) and (4 ) on
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the horizontal velocity profile. Region (O data points
should be the same as those in the other profile. This region
also is observed for coring effects when the nozzles have ex-
cessive tilt and rotation.
The dashed lines in both sample profiles are just rough
indications of what a fully developed turbulent flow should
look like. With the short mixing stacks, this will never be
achieved, but the goal is to select nozzle combinations which
can give generally flat overall profiles as an indication of
enhanced mixing. Sharp peaks and troughs should therefore be
avoided or minimized. The comparison plots of the two pro-
files serve to determine data accuracy, the interaction of
the flows, and base plate misalignment which can seriously
skew the profiles
.
Due to the flow rotation created by the angled primary
nozzles, the nozzles base plate had to be rotated on a trial-
and-error basis to bring the primary flows into alignment with
the pitot tube for the diagonal velocity traverse profile.
This setting of the nozzle base plate was kept intact for the
horizontal velocity profile. Alignment procedures called for
obtaining a peak pressure reading on the diagonal traverse,
adjusting the sliding scale on the velocity traverse bar
and moving the bar until a symmetric profile was achieved,
and then verifying the base plate rotation.
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F. LOW FLOW REGIONS
Some specialized data was taken to investigate regions
of low flow and possibly reverse flow in certain regions of
the stack. The need for this investigation was first observed
during testing of the 10.8 degree diffuser angle shroud. Four
dual ended pitot tubes were manufactured and installed in the
diffuser rings as shown in Figure 20. The pitot tubes were
installed 90 degrees apart, two in the outer diffuser ring
and two in the inner ring. The tubes were aligned such that
they were in line to the flow direction and midway between
the diffuser rings. The tube alignment was important to
insure the tubes were not influenced by one wall more then




VI . DISCUSSION OF EXPERIMENTAL RESULTS
As in past theses on eductor systems the discussion of
the investigation will be confined mainly to the amount of
induced air flows within the mixing stack, both secondary
and tertiary; the amount of film cooling air available to
cool the exterior of the eductor system; and mixing stack
mixing of primary, secondary and tertiary air. Back pres-
sure on the turbine exhaust caused by the eductor system
is primarily fixed by the nozzle area ratio which was tested
and confirmed by Davis [Ref. 8] and Lemke and Staehli [Ref.
3]. This is not a major area of discussion here since the
nozzle area ratio was maintained at 2.5 and the back pres-
sure remained relatively constant at 6.15 inches of water.
Throughout the entire investigation the standoff ratio
(S/D) was maintained at 0.5. The nozzles utilized were the
15 degree tilt angle nozzles tested by Davis. During the
discussion these nozzles will be referred to by their degree
of tilt and their degree of rotation (i.e. 15/20 nozzles
will mean 15 degree tilt and 20 degree rotation) . Also when
reference is made to the shrouded two ring stack, it should
be clear that the two diffuser rings are attached to the
shroud as shown in Figures 10, 11, and 12, and that the
shroud with the diffuser rings are a separate unit from
the stack. Another term which will be used repeatedly will
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be the effective diffuser angle or simply diffuser angle which
is the angle made by the increasing exit area of the stack,
shroud, and diffuser rings with the stack axis as if it were
a solid diffuser.
The tabulated data is presented in the same format as
Davis. During the discussion of this data the following
abbreviations will be used; PCD for pumping coefficient, MSD
for mixing stack pressure distribution, and VTD for velocity
traverse distribution. Along with the data is a series of
mini-plots which can prove to be helpful when reviewing the
data
.
Initial data was taken utilizing a straight mixing stack,
L/D=1.25, and 15/10 nozzles. This data was taken to develop
a data baseline and to fulfill one of the recommendations
made by Davis. Davis had tested this stack/nozzle combina-
tion for pumping coefficient data only. A full data run was
made to establish a more complete data base for the 15 degree
tilt angle nozzles. This data is presented in Figure 25 and
Table 1. Pumping coefficient data plotted directly on top
of Davis' with a coefficient of slightly greater than 0.58.
When compared to the 15/20 nozzles, the 15/10 showed a
slight improvement. Mixing stack comparisons with 15/20
nozzles did not give as good results . Velocity traverse
data (VTD) profiles for the 15/10 nozzles had a better
horizontal, but a worse diagonal profile when compared to
the 15/20 T s; overall they were the same.
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A. L/D-1.2S (SHORT STACK) OFF DESIGN CHARACTERISTICS
Ellin [Ref. 1] was the first to test of design character-
istics of the exhaust gas eductor model by varying uptake
Mach number from 0.030 to 0.090. This represents a testable
range from 50 percent to 145 percent of the design Mach
number of 0.062. Ellin's testing of a four nozzle configura-
tion of his eductor proposals A and B indicated that the
uptake Mach number has no effect on pumping coefficient.
He also showed an improvement in mixing corresponding to
increases in uptake Mach number. For this research uptake
Mach numbers were varied from 50 percent to 120 percent of
the design Mach number. Three values of Mach number were
chosen to be evaluated on the straight mixing stack (L/D=1.25),
four angled nozzle (15/20 nozzles) eductor configuration.
Once again the dependency of pumping coefficient on Mach
number was to be tested for the now short single stack,
angled nozzle eductor. Each of the three Mach number's
were evaluated with full data runs of PCD, MSD, and VTD data.
The processed data can be seen in Tables 2 through 4 and
Figures 26 through 28. Comparisons of pumping coefficients
for 50, 75, and 120 percent of design Mach number with data
taken by Davis shows that pumping coefficient is again in-
dependent of Mach number for the present eductor configura-
tion. Mixing stack data had a slight degradation in the 'B'
position and little or no change in the 'A' position. This
degradation of axial pressure distribution, PMS*, was similar
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in all three cases tested and is not a function of Mach number
Similar velocity profiles, VTD, showed no visible trends with
varying Mach numbers. The use of shorter stacks and angled
nozzles does not effect the off design performance of the
eductor system.
B. 10.8 DEGREE DIFFUSER ANGLE SHROUD
The 10.8 degree diffuser angle shroud was the first short
stack with shroud and diffuser rings tested since Lemke and
Staehli's research on a long stack (L/D=2.5) configuration.
The only variation of Lemke and Staehli's research which is
similar to the present design was their flow through shroud/
diffuser ring combination. The short stack was installed with
the slots closed and the shroud with diffuser rings clamped
to the stack. A method had to be devised to close the stack
slots and not interfere with mixing within the stack. Thin
plastic tape was selected to close off the slots on the out-
side of the stack. Placing the tape on the outside of the
stack eliminated the problem of any interference on mixing,
but forced the removal of the stack and shroud to remove
the tape. This increased the time to change configurations
from slots closed to slots open due to removal, installation
and alignment of the stack. Although the shroud and diffuser
ring unit was slit along one side for ease of installation
over the stack, it was manufactured so that when clamped
to the stack the mating edges butted together with no overlap
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and the seam was covered by heavy tape placed on the outside
of the shroud and diffuser rings to prevent any leakage of
tertiary air through the shroud. The slots closed data is
shown in Figure 29 and Table 5. The secondary pumping coef-
ficient improved over the straight stack (L/D=1.5) with the
same nozzle configuration. A coefficient of 0.62 was achieved
with the shroud and diffuser rings versus 0.58 for the straight
stack. An added feature of the shrouded stack is the film
cooling or tertiary air flow. In this case a tertiary pumping
coefficient of 0.12 provided a significant increase over the
flow through version of Lemke and Staehli. The mixing stack
pressure distribution of the short stack and shroud was simi-
lar to the straight stack with the exception of the entrance
value of the 'B' position, which showed a significantly higher
negative pressure which in conjunction with the diffuser exit
explains the higher pumping coefficient. No comparison of
velocity distributions were made due to the different base
plate rotations used for the shrouded stack and straight
stack with the same L/D. A slight misalignment of the mixing
stack, or unequal pumping, etc., can be seen in the comparison
plot of horizontal and diagonal velocity traverse's by the un-
symmetrical plots and the center minimum velocity of the
horizontal and diagonal are not in the stack center. Verifi-




The stack was removed to open the slots; then installed
and realigned. Secondary pumping coefficient was not influ-
enced by the change in slot configuration and remained at
0.62. Tertiary pumping was effected by the low mixing stack
pressures causing an increased flow under the shroud. Actual
measurement of the flow through the slots was not attempted.
The tertiary coefficient improved to 0.135 vice 0.12 with
the slots closed. A marked decrease in stack wall negative
pressures, MSD, was observed as a result of increased ter-
tiary flow into the mixing stack. This data is represented
in Figure 30 and Tables 7 and 8. An important observation
was made during velocity traverse testing. The diagonal
traverse was peaked as usual and the profile was symmetrical
with four peaks and three troughs with the peaks being
slightly more prominant then with a straight stack. The
discrepancy came when recording the horizontal velocity
traverse. For the first 1.5 inches of traverse travel the
pressure reading was zero indicating no positive flow in
that region. The profile was not symmetrical, but the trav-
erse readings again zeroed prior to the end of the traverse
travel. This region of low flow had not been predicted and
required further investigation. The results of this invest-
igation will be discussed in a later section.
Initially after discovering the low flow region, the
nozzle rotation was rotated to 10 degrees to analyze its
effect on this region. The pumping coefficients and MSD
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data showed no significant change (Table 9 and Figure 31)
while the horizontal velocity traverse remained zero for the
first 2.5 inches of travel. This confirmed the need for
investigation of this phenomenon.
C. 7.3 DEGREE DIFFUSER ANGLE SHROUD
After analyzing the regions of low flow a new shroud was
designed to test the effect of the diffuser angle on these
regions and to analyze it's pumping capability. A reduction
in the spacing between the stack and shroud and between
diffuser rings reduced the effective diffuser angle to 7.3
degrees. Once again, prior to installing the shroud the
slots were closed for initial data runs . The reduction in
diffuser angle and reduced spacing had no effect on secondary
pumping coefficient, while the tertiary flow was drastically
reduced. As seen in Figure 32 and Tables 10 and 11 the ter-
tiary pumping coefficient is 0.06. This is half the value
of the previous shroud. The only change in MSD data was a
decrease in the minimum entrance pressure (position 'B')
while all other points showed no relative change. When
peaking the diagonal velocity traverse a different base
plate rotation was used. The horizontal traverse showed a
significant positive flow just off the zero travel position,
but this did not mean the low flow regions did not exist and
further investigation was deemed necessary. The overall
combined velocity profiles for this shroud appear flatter
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and more uniform than the previous shroud. A full data veri-
fication run (Table 11) was made to validate the initial data
The shroud was removed for opening of the slots and then
reinstalled. Secondary pumping coefficient remain unchanged,
while the tertiary flow again increased due to opening the
slots. MSD data was reduced for all points on the 'B' posi-
tion, but no significant trends were seen. The same base
plate rotation angle was used as when the slots were closed
and similar velocity profiles were produced (Figure 33 and
Table 12) . Another full verification run was made to test
the validity of the results and is presented in Table 13.
No significant changes were observed during the run.
D. LOW FLOW INVESTIGATION
After discovering the low flow regions during traverse
testing a means to further investigate possible flow insta-
bilities had to be devised. The first check was to ensure
that there was flow between the diffuser rings in the posi-
tive direction (i.e. from the shroud end to the exhaust
exit plane) . Four dual pitot tubes were constructed and
installed in the 10.8 degree diffuser shroud. Figure 20
shows their position in the diffuser rings. This testing
was used to determine the existence of flow reversals which
could carry hot exhaust gases over the diffuser rings caus-
ing hot spots. The first data was made by rotating the
base plate from to 90 degrees in 10 degree increments
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and recording the pressure readings from all pitot tubes.
The stack slots remained open during this testing. All four
sets of pitot tubes indicated positive flow at all positions
of base plate rotation. Very little variation at any one
position was seen during the base plate rotation which
indicates that the flow over the diffuser rings is constant
and independent of base plate rotation. The pitot tubes in
the inner diffuser ring showed a higher flow rate than the
outer ring, which corresponds to its axial position on the
shroud being more influenced by the negative pressures within
the stack. Another data run was made to verify the first
with the addition of horizontal and diagonal traverse's being
taken at each base plate position. Only the first and last
2.5 inches of traverse data were taken since this was the
area where the flow instabilities were first observed. To
decrease the length of time of a data run, base plate rota-
tion angles of 0, 10, 30, 50, 70, and 90 degrees were used.
If at the end of any run no instabilities were observed, the
other base plate angles would be tested. At and 90 degrees
the horizontal traverse's demonstrated severe oscillations
in pressure readings with some slight negative pressures
being recorded (approximately 0.1 inches of water) near the
edges. These instabilities existed over the first and last
1.5 inches of traverse travel. At 10 degrees horizontal
traverse oscillations were again observed, but not nearly as
severe as those at and 90 degrees. The diagonal traverse
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showed rapid increases in exit pressure readings at these
positions. At 50 degrees the diagonal traverse showed un-
stable flow much like the horizontal at degrees. This
indicated that these regions of low flow were symmetrically
located around the stack, occurring approximately every 90
degrees depending on the base plate rotation. Diffuser ring
pitot tubes again confirmed constant positive flow in that
region of the diffuser rings. A tuft was placed at the end
of a long thin rod and slowly moved across the horizontal;
the base plate was positioned at degrees. Violent fluc-
tuations were observed for approximately the first 2 inches
inward from the outer edge. At infrequent intervals the
tuft would be sucked into the stack and then back out again.
This confirmed the oscillations seen in the traverse read-
ings and also the slight negative pressures. Beyond 2
inches the tuft stiffened with very little fluctuation.
The tuft was then positioned at a distance approximately
half way between the outer and the inner diffuser rings and
rotated from the horizontal toward the diagonal through to
the top of the stack at all times maintaining the distance
from the outer diffuser ring edge. Fluctuations were
observed from to 10 degrees, then the tuft stiffened and
remained stiff until the top of the stack was reached where
the tuft again began to fluctuate. This verified what was
seen during the traverse testing. A second run was made
under similar conditions and yielded the same results.
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When the nozzles were rotated to 10 degrees for a full
data run, a set of data as described above was taken in this
configuration. The fluctuations on the horizontal traverse
at base plate rotations of 0, 10, and 90 degrees were not as
severe as those observed with 15/20 nozzle configuration.
Oscillatory readings about zero were observed from 0.0 to
1.0 inch of traverse travel. The dual ended pitot tubes
showed again constant positive flow at all positions of base
plate rotation.
To test the influence of the slots on the flow instability-
data, the shroud was removed, the slots were closed and the
shroud reinstalled. The nozzles were rotated back to the 20
degree position and another set of traverse's and dual ended
pitot readings were taken. No significant difference could
be seen between the slots open and the slots closed readings.
The fluctuations were the same at 0, 10, and 90 degree rota-
tions for the horizontal traverse and the 50 degree rotation
for the diagonal traverse.
When the 7.3 degree diffuser angle shroud was installed
and tested, no instabilities were observed during the velocity
traverse data taking. As stated earlier a different base
plate rotation angle was used during these runs and no con-
clusion could be made regarding the existance of low flow
regions
.
Since the dual ended pitot tubes demonstrated
positive flow in all cases of the 10.8 degree shroud, they
were not utilized in the 7.3 degree shroud. Also, the
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decreased separation between rings would have made them dif-
ficult to install. To search for low flow regions horizontal
and diagonal traverses were taken while rotating the base
plate in 10 degree increments from to 110 degrees . Two
runs were made, one with the slots closed and one with the
slots open, both used 15/20 nozzles. The first run with slots
closed provided some promising data. Instabilities were ob-
served at 10 degrees, but the severity had diminished so that
oscillations occurred within the first and last inch of hori-
zontal traverse travel. These same oscillations were not
apparent on the diagonal traverse at 50 degrees rotation.
When the slots were opened another round of data was taken
at the same points. Again the oscillations occurred at 10
degrees, with the same results as above. The only difference
in performance between the two runs was the return of oscilla-
tions on the diagonal traverse with the base plate rotated to
50 degrees. The oscillations were minor and only within the
first inch of travel.
The data taken on these two runs was reduced and displayed
in the same manner as previously used for velocity traverses.
The data is displayed as velocity versus circumferential
location for a given distance from the edge of the outer
diffuser ring. Data from 0.2, 0.5, 0.8 and 1.5 inches from
the edge was considered representative of this region of the
stack. Since the base plate angle increases counterclockwise
from the horizontal towards the top, this angular positioning
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was used for the plots. For example, when the base plate was
rotated to 10 degrees the horizontal traverse data was plotted
as 350 on the near end and 170 degrees for the far end as if
the horizontal traverse was being rotated clockwise around the
shroud. Figures 38 and 39 and Tables 14 and 15 represent these
two runs. All the velocity profiles are sinusoidal with four
peaks representative of the four nozzle flows. Moving in
towards the center, the peaks increase more rapidly than the
troughs and the regions of low flow are apparent in all profiles.
These profiles indicate that the four flows remain independent
at the outer regions of the stack. The question that remains
is; will these flows be sufficient to maintain a cool outer
surface of the shroud and diffuser rings?
Finally, short tufts were taped approximately a half an
inch apart around the outer edge of the outer diffuser ring
and also at the entrance to the stack. The base plate was
fixed at the zero degree position. Figures 34 and 35 are
photographs of the entrance and exit flows respectively.
From the photographs the independent flows can be seen enter-
ing and exiting the stack. At the entrance, the tuft that
is not moving separates two flows and at the exit the low
flow regions are seen by the limp tuft shown by the arrow.
E. COMPARISON
Comparison plots can be found in Figure 38 (slots closed)
and Figure 39 (slots open). First, the two shrouds tested in
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this research are compared; then plots of these shrouds in
comparison with stacks from other research are shown. Of
the two shrouds tested with slots closed the 10.8 degree
diffuser angle shroud provided better tertiary pumping. All
other parameters can be considered equal. With the slots open
similar results can be seen. The 10.8 degree shroud provides
a greater tertiary flow for film cooling, but something not
seen in these plots is the increased problem of low flow and
instabilities that was found during special testing.
When comparing the two shrouded stacks with previous
research, these stacks provided a better secondary pumping
coefficient than a straight stack (Davis [Ref. 8]) of the
same L/D, but not as good as the ported mixing stack with
ring diffuser and flow through shroud tested by Lemke and
Staehli [Ref. 3] . Tertiary flow for both new shrouds was
better than the ported mixing stack. The mixing stack pres-
sure distribution was comparable for all four stacks with no
outstanding differences. Both new shrouded stacks with their
shorter lengths (lower weight) and good pumping coefficients
are good choices as an eductor system. Both require hot ex-
haust gas testing to investigate the effect of low flow




This research investigated the effects on the eductor
system's overall performance of reducing the mixing stack
length, slotting the stack, and shrouding the stack with a
shroud-diffuser ring arrangement. The conclusions from this
investigation are as follows:
1. The one-dimensional analysis used in this research
provides good correlation of data for Mach numbers from 50
to 120 percent of the design Mach number of 0.062.
2. An improvement in secondary pumping was obtained by using
a short stack and shroud-diffuser ring arrangement over a
straight stack with the same L/D ratio.
3. Secondary pumping is independent of effective diffuser
angle
.
4. Tertiary pumping was increased by increasing the diffuser
angle.
5. Tertiary pumping increased when the stack slots were
opened with both shroud designs.
6. The shroud and two diffuser ring configuration provides
film cooling where it could be most effective to provide a
thermal shield for the mixing stack.
7. Low flow regions were more prevalent in the 10.8 degree




Based on the findings of this investigation the follow-
ing recommendations for future research are presented:
1. Test the same two mixing stack, shroud, and diffuser
ring arrangements using hot gas for the primary air flow.
Special attention must be used in the placement of the
thermocouples to investigate the effects of the low flow
regions on the outer surface temperature. Also correlate
these results with the cold flow data contained herein.
2. With temperature and pressure distribution data obtained
from tests conducted using hot gas as the primary air flow,
investigate the effects the slots have on mixing and exit
temperatures
.
3. Investigate alternate nozzle cross sections, such as the
fluted nozzle, to further enhance the mixing process in
short mixing stacks. These nozzles should be tested with
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FIGURE 8 - VELOCITY TRAVERSE BAR AND MIXING STACK



















































































































(T) 0,5 Inch .Machined Surface to Fit the
Nozzle Base Plate Recesses
(2) Miter Angle-One -Half of the Tilt Angle
(D Cut and Juncture Line
Nozzle Tilt Angle(0)= 15 degrees
Figure 13. Dimensions of Primary Nozzles
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Nozzles Shown have a 15 Degree Tilt Angle
Nozzle Rotation(^) is 20 Degrees
Base Plate Rotation(/) is 13 Degrees
Figure 15. Base Plate and Nozzle Rotation Angles
S6

(T) Fixed Outer Ring
(2) Rotating Base Plate
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Presented here are the formulas used to obtain the
primary and secondary mass flow rates. According to the
ASME primary Test Code [Ref. 9], the general equation for
mass flow rate appearing in equation (a)
W(lbm/sec) = (0.12705) K A Y F (p AP) 0,5 (a)
a
may be used with flow nozzles and square edge orifices pro-
vided the flow is subsonic. In the above equation, K (dimen
sionless) represents the flow coefficient for the metering
4-0 5device and is defined as K = C(l - 3 ) " where C is the
coefficient of discharge and 3 is the ratio of throat to
inlet diameters; A(in ) is the total cross sectional area of
the metering device; Y (dimens ionless) is the expansion
factor for the flow; F (dimensionless) is the area thermal
a
3
expansion factor; p (lbm/ft ) is the flow mass density; and
AP (inches ^UO) is the differential pressure across the
metering device. Each of these quantities are evaluated,
according to the guidelines set forth in Reference [8],
for the specific type of flow measuring device used.
Using a square edge orifice for measurement of the pri-




1. The flow coefficient K is 0.62 based on a B of 0.502 and
a constant coefficient of discharge over the range of
flows considered of 0.60.
2
2. The orifice area is 37.4145 in .
3. Corresponding to the range of pressure ratios encountered
across the orifice, the expansion factor Y is 0.98.
4. Since the temperature of the metered air is nearly ambient
temperature, thermal expansion factor is essentially 1.0.
5. The primary air mass density p is calculated using the
perfect gas relationship with pressure and temperature
evaluated upstream of the orifice.
Substituting these values into equation (a) yields
W (Ibm/sec) = C2 .88455) (P orAP )
* 5 00
The secondary mass flow rate is measured using long radius
flow nozzles for which case the quantities in equation (a)
becomes
:
1. For a flow nozzle installed in a plenum, 3 is approxi-
mately zero in which case the flow coefficient is
approximately equal to the coefficient of discharge.
For the range of secondary flows encountered, the flow
coefficient becomes 0.98.
2. A is the sum of the throat areas of the flow nozzles
in use (in ) .
274

3. Since the pressure ratios across the flow nozzles are
very close to unity, the expansion coefficient Y is 1.0.
4. Since the temperature of the metered air is nearly
ambient temperature, the thermal expansion factor is
essentially 1.0.
5. The secondary air mass density p is evaluated using
the perfect gas relationship at ambient conditions.
Substituting these values into equation (a) yields the equa-








APPENDIX B: UNCERTAINTY ANALYSIS
The determination of the uncertainties in the experiment-
ally determined pressure coefficients, pumping coefficients,
and velocity profiles was made using the methods described by
Kline and McClintock [Ref. 11]. The basic uncertainty analy-
sis for the cold flow eductor model test facility was conducted
by Ellin [Ref. 1]. The uncertainties obtained by Ellin using
the second order equation suggested by Kline and McClintock
were applicable to the experimental work conducted during the
present research and are listed in the following table.







P ± 0.01 psia
a r
AP ± 0.01 in. H ?
Py ± 0.01 in. H ?
P
u
± 0.05 in. H 9
AP
S




(**) ± 0.01 in. H ?
P Qr ± 0.01 in. H 9
APQr ± 0.20 in. H 2
T ± 1 R
or
T ± 1 R
a




UNCERTAINTY IN CALCULATED VALUES
T* 1.9%
W *T * -
44
i # 4%
V/V 2 . 5
avg
(+) The pressure differential across
the secondary flow nozzles, P .
is the major source of uncertainty
in the pumping coefficient.
(++) The pressure differential across
the tertiary flow nozzles, P
t ,
is the major source of uncer-
tainty in the pumping coefficient.
(+++) The measurement of the total pres-
sure for the velocity profile is
the major source of uncertainty
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with shroud, gas edu-
ctor system.
Characteristics of a four-nozzle, slotte
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